In fields of genetically modified, insect-resistant rice expressing Bacillus thuringiensis (Bt) proteins, frogs are exposed to Bt Cry proteins by consuming both target and non-target insects, and through their highly permeable skin. In the present study, we assessed the potential risk posed by transgenic cry1Ca rice (T1C-19) on the development of a frog species by adding purified Cry1Ca protein or T1C-19 rice straw into the rearing water of Xenopus laevis tadpoles, and by feeding X. laevis froglets diets containing rice grains of T1C-19 or its non-transformed counterpart MH63. Our results showed that there were no significant differences among groups receiving 100 μg L -1 or 10 μg L -1 Cry1Ca and the blank control in terms of time to completed metamorphosis, survival rate, body weight, body length, organ weight and liver enzyme activity after being exposed to the Cry1Ca (P > 0.05). Although some detection indices in the rice straw groups were significantly different from those of the blank control group (P < 0.05), there was no significant difference between the T1C-19 and MH63 rice straw groups. Moreover, there were no significant differences in the mortality rate, body weight, daily weight gain, liver and fat body weight of the froglets between the T1C-19 and MH63 dietary groups after 90 days, and there were no abnormal pathological changes in the stomach, intestines, livers, spleens and gonads. Thus, we conclude that the planting of transgenic cry1Ca rice will not adversely affect frog development.
Introduction
Transgenic rice expressing Bacillus thuringiensis (Bt) insecticidal proteins can effectively prevent and control lepidopteran pests, thus reducing the use of pesticides, but it has not yet been approved for commercial cultivation. A concern is that the planting of Bt rice may result in non-target effects [1] . Discussions about such effects have focused primarily on terrestrial organisms, such as non-target herbivorous insects [2, 3] , natural enemies [4, 5] , economically important insects [6, 7] , and soil organisms [8] . However, the potential effects of Bt crops on aquatic organisms has rarely been addressed, in particular since exposure of aquatic organisms to the plant-produced Cry proteins is regarded as being very low [9] .
Studies have shown that the Bt toxins present in transgenic crop byproducts can enter stream ecosystems adjacent to agricultural fields through exudation from roots, dispersal of pollen and movement of post-harvest corn residues [9, 10] . Douville et al. detected the existence of the cry1Ab gene in water, sediment and even in the tissues of mussels near Bt corn fields [11, 12] . Tank et al. sampled the river water downstream of Bt corn fields and found that the soluble Cry1Ab concentration reached 21 ng L -1 [13] . Additionally, some studies have indicated potential adverse effects of Bt crops on aquatic organisms, including Daphnia magna [14] [15] [16] , larvae of Trichoptera [17, 18] , larvae of a crane fly and an isopod [19] . Moreover, rice, unlike dry-land crops, requires water during most of its developmental stages. Wang et al. demonstrated that Bt rice releases detectable amounts of Bt protein into irrigation water [20] . Therefore, the risk of Bt rice for aquatic organisms needs to be addressed. Frogs are commonly found in rice fields and play an important role in maintaining the biodiversity and stability of the paddy field ecosystem. However, frog populations have declined sharply worldwide in recent decades [21, 22] . Frogs might be affected by Bt rice in three ways. First, frogs could ingest Bt proteins directly by consuming insects that have fed on Bt rice [23] . Second, because their skins are highly permeable, frogs could be exposed to Bt proteins that are released into the water [20] . Third, frog diets can be affected by changes in food resources. Bt rice effectively reduces the population of target insects, which may dramatically alter the composition of dominant insect species in a rice field as has for example been reported for cotton [24] . Therefore, it is important to assess the potential non-target effects of Bt rice on the development of frog species.
Xenopus laevis is a model animal widely used in environmental toxicology, because it is easy to feed, readily induced to lay eggs and very sensitive to external contamination [25] . In our previous study, we assessed the risk posed by transgenic rice expressing a Cry1Ab/1Ac fusion protein on the development of X. laevis froglets by a 90 day feeding test, and no adverse effects were observed [26] . Transgenic rice expressing cry1Ca (T1C-19) is a promising Bt rice line for commercial use that targets lepidopteran rice pests [27, 28] . In the present study, X. laevis tadpoles were exposed to purified Bt Cry1Ab or Bt rice straw, and X. laevis froglets were fed diets containing rice grains of T1C-19 or its non-transformed isoline to assess the potential risk posed by Bt rice. Results from this study will provide important information concerning the environmental safety of Bt rice strains.
Materials and Methods

Ethics Statement
This study was approved by the Animal Research Committee of the Institute of Plant Protection, Chinese Academy of Agricultural Sciences. All procedures involving experimental animals were performed in accordance with the NIH guide for the Care and Use of Laboratory Animals. Briefly, all the animals were humanely treated during this study, the anesthetic procedure with 0.1% MS-222 (Sigma-Aldrich) was adopted, if necessary, to reduce the suffering of the experimental animals.
Transgenic rice
T1C-19 rice expresses a gene encoding synthetic Cry1Ca under the control of the corn ubiquitin promoter and exhibits resistance to stem borers [27, 28] . Its corresponding non-transformed isoline, MH63, is an elite indica restorer line for cytoplasmic male sterility and is commonly grown in China. Both rice lines were obtained from Huazhong Agricultural University (Wuhan, China). The two rice lines were simultaneously planted in two adjacent plots in the experimental field station of the Institute of Plant Protection, Chinese Academy of Agricultural Sciences (39.53°N, 116.70°E). Crops were cultivated according to commonly used local agricultural practices but without insecticide applications.
Rice was harvested at the end of October 2013, and rice stems of each line from 20 cm above the soil surface were collected and stored at −20°C until used. Conventional nutrient components of each rice line were analyzed by the Hangzhou Center for Inspection and Testing for Quality and Safety of Agricultural and Genetically Modified Products, Ministry of Agriculture, P. R. China.
Purified Cry1Ca protein
Cry1Ca was purchased from Envirotest-China (agent for EnviroLogix Inc., Portland, Maine, USA; www.envirotest-china.com). The bioactivity of Cry1Ca was confirmed by performing sensitive insect bioassays in our laboratory using neonate Chilo suppressalis larvae fed an artificial diet containing a range of protein concentrations for 7 days. The dietary EC 50 (toxin concentration resulting in 50% weight reduction compared to the control) was estimated to be 18.1 ng mL -1 [29] .
Animals
Mature female and male X. laevis were maintained separately in glass tanks containing dechlorinated water at 21 ± 2°C on a 12-h light/12-h dark cycle, and they were fed chopped pork liver once per week. One female/male pair of adult frogs was chosen and injected with 100 IU of human chorionic gonadotropin (Sigma-Aldrich, Saint Louis, MO, USA) to induce breeding. After eggs were laid, the female/male pair was removed from the breeding tank. Fertilized eggs were incubated at 22 ± 2°C on a 12-h light/12-h dark cycle. On the fifth day after emergence, tadpoles were given a daily diet of green algae and Daphnia magna, and after metamorphosis they were switched to a commercially manufactured frog feed (Cargill Feed Co., LTD, Nanjing, China). , n = 8), MH63 rice straw, and a blank control group. There were 64 tadpoles in each of the groups given Cry1Ca and in the blank control group. The two groups given rice straw each contained 48 tadpoles. The feeding containers were 1-L beakers, and four tadpoles were raised in each beaker. The rearing water was replaced every 2 days over the experimental period. For the rice straw groups, 0.5 g of T1C-19 or MH63 rice straw was added to each beaker when the rearing water was replaced.
Effects on the tadpoles
The development and survival of the tadpoles were recorded twice per day (9:00 am, 9:00 pm) until metamorphosis occurred. Dead tadpoles were recorded and an autopsy was immediately conducted. Tadpoles at the near-death stage (indicated by swimming with the belly up, or tumble swimming) were removed, anesthetized with MS-222 and dissected. At the end of the experiment, the tadpoles were anaesthetized by immersion in an ice water mixture containing 0.1% MS-222, and their body weights and body lengths (from the tip of the snout to the tip of the cloaca) were measured. Then, the froglets were dissected, and their hearts, livers, kidneys, fat bodies and intestines were collected and weighed. At the same time, the separated livers were placed in 1.5-mL centrifuge tubes for cryopreservation and used to determine the following parameters: albumin (ALB), total protein (TP), alkaline phosphatase (AKP) activity, alanine aminotransferase (ALT) activity, aspartate aminotransferase (AST) activity and cholinesterase (CHE) activity. The determination methods and the operational processes were completed in strict accordance with the appropriate kits' directions (JianCheng Bioengineering Institute, Nanjing, China).
Effects on the froglets
A total of 120 froglets with uniform body weight (~1 g) were equally divided into three experimental groups (T1C-19, MH63 and blank control groups). Each experimental group was randomly divided into four glass jars (20 × 34 × 24 cm) to give four replicates, and each replicate group included 10 froglets. The froglets of the blank control group were fed diets designed for Rana catesbeiana (Cargill Feed Co., LTD, Nanjing, China). The diets of the froglets in the T1C-19 and MH63 groups were prepared according to the conventional nutrient composition of the blank control diet, but the experimental rice grain was the largest component. The two selfmade test diets contained 30% rice grain, and the detailed diet compositions are shown in Table 1 . The conventional nutrient composition of the diets was measured by the Beijing Research Institute for Nutritional Sources (Beijing, China), and the results are shown in Table 2 . The Cry1Ca concentrations in the diets were 0.17 ± 0.03 (n = 4), 0 and 0 μg g -1 for the T1C-19, MH63 and blank control diets, respectively. From 0 to 30 days, 31 to 60 days and 61 to 90 days, 2.5, 3.0 and 4.0 g, respectively, of feed was supplied daily and each jar contained 2, 3 and 4 L, respectively, of dechlorinated water. The self-made feed was mixed with water in a 1:1 ratio before each feeding. The prepared feed was pressed into strips using a 5-mL injector, and then the strips were cut into feed portions of 2 to 4 mm. These prepared portions were placed into containers to feed X. laevis. The rearing water was monitored daily to maintain 20-22°C and renewed every 3 days. The froglets were weighed and recorded every 15 days (0, 15, 30, 45, 60, 75 and 90 d) for a total of seven weighings during the 90-day experimental period.
After the froglets were fed for 90 days, they were anaesthetized by immersion in ice water mixture containing 0.1% MS-222 and then dissected. The livers and fat bodies were weighed, and the ratios between liver or fat body weight and body weight were calculated. Then, eight froglets (four males and four females) in each group were randomly selected and their stomachs, intestinal tracts, hearts, livers, spleens, testes and ovaries were fixed in 4% neutral formalin for 48 h, embedded in paraffin, sectioned and stained with hematoxylin and eosin. The samples were analyzed and photographed using a microscope (BX63, Olympus, Japan).
Data analysis
All data are represented as means ± standard error (SE) unless otherwise indicated. The comparisons of the mortality rates between the different treatment groups and the blank control group were conducted using the Chi-square test Bonferroni corrected. Differences in the time for complete metamorphosis (TCM), body weight, body length, organ weight and liver enzyme activities among different treatments were analyzed using a one-way analysis of variance (ANOVA) followed by a least significant difference (LSD) multiple comparison test. Differences were considered significant at P < 0.05.
Results
Survival and development of the tadpoles
The metamorphosis rates on different dates during the different treatments were analyzed and are shown in The effects of different treatments on the tadpoles' survival rate, body weight and body length are shown in Table 3 . The results showed that, the survival rates of rice straw-supplemented groups were lower than those of the blank control group and the Cry1Ca-supplemented groups, but the differences were not significant. Meanwhile, there were no significant differences in the body length among the five treatments (one way ANOVA: df = 4, 67; F = 1.54; P = 0.20). After long-term exposure to 10 and 100 μg L -1 Cry1Ca, there were no significant differences in the larval body weights when compared with those in the blank control. The body weight in the MH63 rice straw group was significantly lower than that in the blank control group, but no significant difference was observed between the T1C-19 and MH63 rice straw groups (Table 3) .
Organ development of the tadpoles
There were no significant differences in the kidney or intestinal weights among the five treatments (all P > 0.05, Table 3 ). When compared with the blank control, the weights of the heart, liver as well as the fat body in the groups supplied 10 and 100 μg L -1 Cry1Ca demonstrated no significant differences. The weights of the liver and fat body in the T1C-19 and MH63 rice straw groups were significantly lower than those of the blank control group and the Cry1Ca-supplemented groups. For heart weight, the only difference among the five treatments was observed between the T1C-19 rice straw and 10 μg L -1 Cry1Ca-supplemented groups. However, none of the measured indices showed any significant difference between the T1C-19 and MH63 rice straw groups (Table 3) .
Liver enzyme activity of the tadpoles
Among the five treatment groups, no significant differences were found in TP, ALT, AST and AKP (all P > 0.05, Table 4 ). The levels of ALB in the rice straw-supplemented groups were Table 3 . Survival and development of Xenopus laevis tadpoles exposed to purified Cry1Ca protein, transgenic cry1Ca rice (T1C-19) straw and non-transformed isoline (MH63) straw. The experiment was initiated with 64 (n = 16 for 10, 100 μg L -1 Cry1Ca protein and blank control groups) or 48 (n = 12 for T1C-19 and MH63 rice straw groups) tadpoles.
Index
Blank significantly lower than those of the blank control and Cry1Ca-supplemented groups (P < 0.05, Table 4 ). The level of CHE in the MH63 rice straw-supplemented group was significantly lower than those of the blank control and Cry1Ca-supplemented groups. However, no significant differences between the T1C-19 and MH63 rice straw groups were observed (Table 4 ). was greater than those of the MH63 and T1C-19 dietary groups, which had almost overlapping growth curves (Fig 2) . During the feeding experiment, there were no deaths in the three treatment groups, so the survival rate was 100% (Table 5 ). After 90 days of feeding, the mean final body weight, daily weight gain, liver weight, fat body weight and fat body/body weight ratio of the froglets in the blank control group were significantly higher than those of the T1C-19 and MH63 dietary groups (all P < 0.05, Table 5 ), whereas no significant differences were observed between the T1C-19 and MH63 groups (Table 5 ). No significant difference in the hepatosomatic index was observed between any group. Table 4 . Protein and enzyme activity in livers of Xenopus laevis tadpoles exposed to purified Cry1Ca, transgenic cry1Ca rice (T1C-19) straw and non-transformed isoline (MH63) straw (n = 24).
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Gross necropsy and histopathology of froglets
Histological examinations of the stomach, intestine (ileum), liver, spleen, testes and ovaries are shown in Fig 3. There were no gross pathological findings during the necropsies, and no group-related histopathological abnormalities were observed.
Discussion
Until now, studies on the effects of toxic and harmful substances on the development of X. laevis tadpoles have focused on insecticides, such as endosulfan and triazophos [30, 31] , herbicides, such as acetochlor and butachlor ammonium [32] , and heavy metal ions found in industrial wastewater, such as Cu 2+ and Zn 2+ [33] . However, there have been no reports on the effects of Bt crops and their expression products on tadpole development. Our previous study showed that the peak water concentration of Cry1Ca protein leached from T1C-19 straw under laboratory conditions was 5.18 μg L -1 in a worst-case scenario and the maximum value was 6.51 μg L -1 [34] . Moreover, under natural conditions, the Bt content in the water is less than 100 ng L -1 [13, 20] . In this study, although the concentrations of Bt protein added were low (10 and 100 μg L -1 ), they were~2-to 20-fold higher than that in the worst-case scenario [9] or in the natural environment, which met the requirements of a Tier-1 test system [35] for the environmental safety assessment of Bt crops.
Oka et al. studied the effects of atrazine on X. laevis tadpoles and found that 35-56 days were needed for the 46-stage tadpoles to complete their metamorphoses [36] . In contrast, Coadya et al. showed that 72.8 ± 0.4 days were needed for the tadpoles in all experimental groups to complete their metamorphoses [37] . In the present study, tadpoles in the blank control group needed~33 days from the 46-stage to complete metamorphosis. The differences in the TCMs could be caused by many factors, such as hazard substances, water quality, nutrient supply or feeding density [38, 39] . Our results showed that the TCMs of the five different treatments were relatively consistent, indicating that the effects of pure Cry1Ca protein or rice straw on the TCM were not significant. However, most of the detection indices, such as liver and fat body weights and liver ALB level, in the rice straw groups showed significant differences when compared with those of the blank control group. Possible reasons may include a change in water quality, such as the pH decreasing to~4.5 [34] , which is lower than the optimal pH value (6 to 8) for tadpole growth, after the addition of the rice straw. In addition, allelochemicals, such as phenolic acids, hydroxamic acids, fatty acids, terpenes, indole and phenolic acids [40] , were probably released from the rice straw, and these substances may have had adverse effects on tadpole growth. However, the differences were not significant between the T1C-19 and MH63 rice straw groups, which indicated that the insertion of the Bt gene did not produce any significant unintended effects on tadpole development. With regards to the impact of Bt crops on non-target organisms, studies have shown that there were no significant changes in some growth indices, but some physiological and biochemical indices were significantly changed [41] . However, in this study, the examined indices of the groups supplied 100 μg L -1 and 10 μg L -1 pure Cry1Ca protein showed no significant differences when compared with those of the blank control group. There were significant differences between the ALB and CHE levels observed in the T1C-19 and MH63 rice straw groups and the blank control group, but the differences were not significant between the T1C-19 and MH63 groups. The other indices showed no significant differences with the blank control group. These results were consistent with the growth and development detection indices of the present experiment. They also confirmed the hypothesis that the Cry1Ca protein and the T1C-19 rice did not have negative impacts on tadpole growth. Cry proteins from Bt have a high specificity, acting via specific receptors on the intestinal wall of the epithelial cells of sensitive insects, causing paralysis of the insect's targeted intestinal cells, which affects their food consumption [42] . The intestinal epithelial cells of other animals do not have the protein's binding site, and thus exposure to the protein should not affect other animals. At present, food and feed safety research on Bt rice mainly uses rats [43, 44] , broiler chickens [45] and pigs [46] as research subjects for 30-or 90-day toxicity tests or allergenicity tests, and all of these studies showed that the safety of the Bt-transgenic and non-transformed parental lines were comparable.
Cry1C is a Bt protein that shows good resistance to lepidopteran pests [47] , as well as good heat stability. However, artificial gastrointestinal fluids can quickly digest this protein in vitro, and no adverse effects were observed in rats fed 5 g kg -1 protein per weight [48] . In the present study, to assess the safety of Bt rice on a frog species, we exposed X. laevis froglets to Cry1Ca proteins by feeding them a diet containing transgenic cry1Ca rice grains for 90 days. There were no significant differences in the survival rates between the three different treatments, whereas the body, liver and fat body weights in the blank control group were significantly higher than those in the test T1C-19 and MH63 dietary groups. However, there was no significant difference between the rice dietary groups. The differences between the rice fed groups and the blank control may have been caused by a slight difference between the conventional nutrient composition of the blank control and that of the self-made test diets (Table 2) . Additionally, the blank control was an aquacultureal feed, whereas the feed of the test groups was self-made and dissolved in water for a short time, and thus it may not have been conducive to froglet uptake. In our previous study, there were no significant differences among the diets containing rice grain and blank control groups in terms of body weight and organ weights [26] , this may due to different feed formulation, and different feed production methods compared with the present study. However, there were no significant poisoning symptoms in the test animals and no abnormal pathology was observed by gross anatomy after 90 days of feeding in the present study. In addition, there were no abnormal phenomena in the microstructures of the stomachs, intestinal tracts, livers, kidneys or other important organs (Fig 3) . 
Conclusions
In the present study, X. laevis were exposed to Bt proteins by adding high doses of purified Cry1Ca protein or T1C-19 rice straw to the rearing water, or by feeding them a diet containing T1C-19 rice grains, which carry the gene encoding Cry1Ca. However, the development of tadpoles and froglets was not adversely affected. Based on these results, we conclude that the planting of transgenic cry1Ca rice will not adversely affect frog development.
